any eye diseases are complex traits influenced by both genetic and environmental factors. Even for the common ocular conditions, such as refractive errors and glaucoma, there is a wide spectrum in the relative contribution of genetic and nongenetic factors in the development of disease. Some individuals develop disease, because they have inherited a single genetic mutation, whereas in others, the disease reflects the action of multiple genetic and/or environmental exposures. Recent advances in genetic technology have greatly enhanced our ability to identify the genetic variants underlying disease. In this review, we discuss how to determine whether an ocular phenotype has genetic components and if so, how to identify susceptibility genes associated with that phenotype. We also review the best approaches for identifying genetic variants of large effect (i.e., those with large relative risk) and genetic variants of smaller effect (i.e., those with small relative risk). Finally, we discuss how next-generation sequencing approaches will change the current paradigm for gene discovery. Figure 1 outlines the different genetic epidemiology approaches.
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MENDELIAN AND COMPLEX INHERITANCE
For most ocular traits, there are both Mendelian and complex models of inheritance. Mendelian diseases result when a mutation in a single gene is sufficient to disrupt a biological pathway and lead to clinical disease. However, there could be several genes in a pathway that, when mutated, may cause the same disease phenotype. Mutations in these genes are often characterized as dominant, one mutant copy is sufficient to cause disease, or recessive, two mutant copies are necessary to cause disease. Mendelian diseases follow a predictable pattern of transmission in families that is often influenced by high (Ͼ80%) penetrance (the probability that an individual who has inherited a high-risk genotype develops disease). If the penetrance is complete or high, the Mendelian patterns of transmission are more evident. In Mendelian diseases, the actual genetic mutations may be specific to an extended family and very rare in the general population. Table 1 outlines examples of Mendelian eye disorders and the associated genes or loci.
Complex inheritance is caused by a combination of multiple genes, multiple environmental factors, or both genes and environmental factors. Genes underlying these complex diseases are more difficult to identify because there are multiple factors that contribute to the phenotype, and there can be a high degree of heterogeneity in the etiology of disease in any group of patients. The focus of most genetic research today is on identifying the factors that contribute to these complex diseases. Age-related macular degeneration (AMD) is a complex eye disorder in which genetic variation in the genes CFH [1] [2] [3] and ARMS1 are known to increase progression of AMD, over and above the risk attributable to age and cigarette smoking. Identification of both the genetic and environmental causes of disease is critical to understanding the etiology of complex disease, especially since the penetrance of the underlying causal genes may be modified by environmental or lifestyle factors.
Although phenotypes are often considered discrete classifications based on disease status (i.e., presence or absence of cataract, myopic versus nonmyopic), many ocular diseases are a severe manifestation of an underlying quantitative phenotype. For example, cataract is a severe opacity of the lens, and myopia is a negative spherical equivalent requiring correction with an external lens for optimum visual acuity. Quantitative phenotypes often have complex inheritance patterns where several genes or environmental factors can act to alter the observed phenotype, and individuals who exceed a given threshold meet the clinical definition of "affected." Therefore, understanding the genetics of these underlying quantitative phenotypes can provide insight into the biology of common ocular diseases.
FAMILIAL AGGREGATION
If a disease is under genetic control (driven by genetic and not environmental factors), it will cluster in families, so that if disease is identified in one family member, there is a corresponding increased risk for other family members. To determine familial aggregation or clustering, data from cases and controls, selected cohorts of individuals, or the entire population can be used. If phenotypic information is available on patients and their parents, siblings or cousins, then a simple comparison of disease among the relatives compared with the general population is sufficient to show familial aggregation or an increased risk of disease among first-degree relatives (i.e., sibling and parent-child relationships). A sibling or relative recurrence risk ratio ( s ) can be calculated that represents the risk of disease, given that an individual has an affected sibling, relative to the risk of disease in the overall population. 4 Ideally, the disease status is collected through direct observation rather than only familial report, to lessen misclassification and reporting bias; however, this method requires examination of all family members, which is often difficult. If the status is indirectly reported through the index case/control or through population-based registries, then some information must be validated to define potential biases. In a cohort family, study of 269 pedigrees in the elderly Old Order Amish population, the sibling recurrence risk for different thresholds of myopia ranged from 2.36 (95% CI, 1.65-3.19) to 5.61 (95% CI, 3.06 -9.34), 5 suggesting a strong familial aggregation and possible genetic control for myopia.
In addition, individuals from an existing cohort, case-control, or cross-sectional study can be used to compare the risk of disease in first-degree relatives of cases and controls. Large population-based data, such as those from the Utah Population Database (UPDB), can also be used to determine familial aggregation. Luo et al. 6 used the median Familial Standardized Incidence Ratio ([FSIR] the observed incidence of disease in a family compared with that expected in a standard population) to calculate an individual's familial risk of age-related maculopathy according to the occurrence of disease in the family. The median FSIR for this study was 3.95, indicating a strong familial aggregation of age-related maculopathy in Utah families.
For quantitative phenotypes, heritability can be estimated from familial correlations or variance components models where the observed phenotype variance and covariance among relatives can be partitioned into components reflecting contribution of genes (G); household factors, or things shared within a household but not directly attributable to genetics (C); and residual environmental factors (E). The heritability (h 2 ) of a disease is the proportion of variance (Vp) attributable to additive genetic factors (Vg): h 2 ϭ Vg/Vp. This ratio provides a measure of the importance of genetic factors in disease risk and can range between 0 and 1. However, estimates of heritability are population specific, and comparisons across populations must exercise caution. A recent review by Sanfilippo et al. 7 summarizes heritability studies for various ocular disorders. The highest reported heritability was for small, hard drusen (h 2 ϭ 0.99), suggesting that genetic factors may have strong control of the variation in this outcome. However, for other traits, there is a range of heritability from 0.15 to 0.91 for refractive error, 0.46 to 0.63 for corneal astigmatism, 0.29 to 0.67 for intraocular pressure, and 0.65 to 0.95 for central corneal thickness. These differences in heritability may reflect differences in methods, variability in the individual environmental effects, and differences between population-based studies and twin studies, the latter of which may have stricter control of age or possible cohort effects.
METHODS OF IDENTIFYING GENETIC VARIANTS
Once there is evidence supporting genetic contribution to a given disease, different methods can be used to identify the genes responsible for disease through some form of gene mapping. In general, these can be classified into two broad categories: linkage and association approaches. Genetic linkage is the violation of Mendel's law of independent assortment, which states that parental alleles at one gene are transmitted to the offspring independent of alleles at another gene. Genetic linkage will occur when two chromosomal loci are located physically close to one another on the same chromosome, so alleles at two loci co-segregate in a family across generations. Association is a more general statistical concept that tests for independence between genetic markers and observed phenotypes. Association is present when there is nonindependence between a genetic marker and a phenotype. Testing for association can be conducted in unrelated individuals (e.g., cases and controls) or among cases and their family members. 
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Linkage Analysis
Linkage analysis uses the principle of genetic recombination to ask whether a disease phenotype is inherited jointly with a particular genetic marker in a given family, indicating that the disease locus is physically near the marker. If there is no linkage, the genetic marker is inherited independent of a disease phenotype; conversely, if linkage is present the genetic marker and disease are co-inherited. The strength of this coinheritance is a function of how often there is chromosomal crossover-recombination-between the marker and disease loci. This function is one of physical distance between the marker and the disease loci. Thus, the closer the marker is to the disease loci, the stronger the evidence of linkage. Linkage provides strong statistical evidence that a gene exists, although it may not identify the gene, but a chromosomal region or locus in which the putative gene resides. Linkage is a powerful and definitive genetic method of locating genes, but depends on having families with several affected or diseased members. Traditionally, this method has been used to identify most Mendelian disorders, although it can also be used for complex traits.
Recombination arises from an odd number of crossover events between any two loci. The recombination fraction () is the probability that alleles at two genetic loci are inherited jointly in a family and is a function of the genetic distance between them, with the probability of recombination decreasing as the physical distance between the marker and disease loci decreases. Genes not linked will have 50% recombination of alleles during each meiosis-that is, the two alleles will be inherited jointly one half of the time due to chance alone. Loci that are linked have a recombination fraction Ͻ 0.5, and loci that are in complete linkage show no recombination between them. The power to detect linkage depends on the genetic distance between the genetic marker and the true disease locus, with markers closer to the disease loci providing greater power. Genome-wide linkage studies enable the investigation of a putative susceptibility locus, or multiple loci, without any prior evidence of its position on the genome. Originally, these scans used microsatellite short tandem repeat polymorphic (STRP) markers that were evenly spaced, approximately 10 cM apart. Today, these scans are made using single nucleotide polymorphisms (SNPs) spaced approximately 1 cM apart. In addition, fine mapping or genotyping more markers in regions that have evidence suggestive of linkage will increase marker density and improve the power to localize a disease-causing gene. The power of linkage is based, in part, on the ability to accurately map meiotic events in a given family; thus, adding markers can allow for more accurate mapping of meiosis, thereby increasing power. The established criteria for assessing the statistical significance of linkage analysis in sibling pairs is that proposed by Lander and Krygulyak 8 for declaring genomewide significant (P ϭ 2.2 ϫ 10 Ϫ5 ) and suggestive (P ϭ 7.4 ϫ 10 Ϫ4 ) evidence of linkage, a well as of replication (P ϭ 0.01). These thresholds control the genome-wide type 1 error rates while allowing for correlation between markers and are based on the assumption of an infinitely dense marker set.
The most powerful statistical model to test for linkage is the parametric or model-based linkage analysis. Parametric methods use both phenotypic and genotypic information from all family members and can be used with single or multiple markers, which may improve the information level, in a chromosome region. This method requires a specific genetic model for the disease, which includes specifying: (1) the number of genetic loci; (2) the mode of inheritance at each locus (dominant, recessive, codominant); (3) the frequency of the diseasecausing allele; (4) the penetrance for each of its genotypes; (5) phenocopy rate, and (6) marker-allele frequencies. These parameters are used to compute a likelihood function that accounts for the parameters listed above and the unknown recombination fraction . The null hypothesis of no linkage (i.e., H 0 : ϭ 0.5) is formally tested by comparing the likelihood of the null hypothesis to this same likelihood function maximized over the full range of -that is, the value of that best fits the observed family data. This test statistic is called the log-odds or LOD score (logarithm of the odds). Conventionally, a total LOD score Ͼ3.0 (odds 1000:1 in favor of linkage) is viewed as significant evidence of linkage when individual markers are considered. 9 This corresponds to a P of approximately 0.0001. 10 Parametric linkage analysis assumes the genetic model at the trait locus is known; however, many complex diseases do not have any established genetic model of inheritance. An alternative is to use nonparametric methods of linkage analysis that do not need a prespecified genetic model. However, nonparametric methods are less powerful than parametric methods, at least when the genetic model is correctly specified.
Nonparametric or model-free linkage analysis assesses the proportion of alleles shared identically by descent (IBD) among pairs or sets of relatives. IBD means the alleles have been transmitted to each individual in the relative pair from a common ancestor. The most commonly used relative pairs for qualitative trait analysis are affected sib pairs (ASP), although some methods may also use affected and unaffected relative pairs, and some include more distant relative pairs. In brief, the ASP statistic looks for IBD sharing in excess of what is expected by chance alone among affected sibling pairs. For traits with incomplete penetrance, the power to detect linkage may increase if the analysis is limited to affected pairs. However, the power of methods employing affected-only relatives may decrease if one of the cases in a pair is not due to inheritance of a gene (i.e., if one member is a phenocopy). 9, 11 The variance components approach can also serve as a form of model-free tests for linkage, as it can build on tests for excess allele sharing at marker loci for quantitative phenotypes.
Replication of results across independent linkage studies will confirm the existence of putative causal genes. However, negative results in subsequent linkage studies do not necessarily mean that the original results were a false-positive finding. Genetic heterogeneity, where several genes may be mutated and result in the same phenotype, may be at play-that is, the disease-causing genes in the first study are not the same genes as those involved in a second population, because of population differences or sampling variability. Another reason for nonreplication of linkage results is that the inherent nature of linkage studies has limited statistical power in samples of multiplex families to detect genes of modest effect. If a gene exerts only a small effect on risk in the families used for replication, there will not be enough power to confirm linkage.
Linkage analysis is a powerful tool for identifying loci involved in eye diseases, as evidenced by the numerous loci that have been identified for different traits. Table 2 outlines selected linkage results for eye diseases, showing success using different methods. In general, linkage analysis is best at identifying rare and less common variants of large effect and has not been as successful for complex disorders-perhaps because of the difficulty in identifying "genetic" families, since many complex disorders that are modified by environmental factors frequently have phenocopies or exhibit low penetrance. In addition, complex disorders are likely to have multiple loci involved in disease inheritance and the sample sizes necessary to identify these separate loci in linkage studies are difficult for a single study to collect. 12 However, linkage remains an important tool in statistical genetics that needs to be considered carefully for the ocular trait of interest. Strong linkage peaks, especially those that have been replicated in independent studies, provide robust evidence that a gene in that chromosomal region has a major effect on disease.
Association
Testing for genetic association involves comparing frequencies of marker alleles or genotypes between affected individuals and controls (either unrelated groups or sets of relatives). For a qualitative phenotype, the test hypothesis is complete independence between phenotype and allelic or genotypic classes. For a quantitative phenotype, the approach tests for a difference in the mean among different genotypes in a sample of unrelated individuals or whether the observed marker genotype explains a portion of the phenotypic variance/covariance among related individuals. Rejecting the null hypothesis of independence (or no effect of the marker on risk) shows there is a statistical association between marker and phenotype that may reflect a direct or indirect form of genetic control. The "direct effect" of a marker genotype implies causality, whereas an "indirect effect" means that the marker is linked to and in disequilibrium with some unobserved genetic variant controlling the phenotype. Even if a marker has no direct effect on the phenotype, an indirect relationship is useful for mapping unobserved causal genes. If alleles at two markers (either two variants or a marker and a causal variant) are associated in the population, they are said to be in disequilibrium. Linkage disequilibrium (LD) occurs when the two variants are tightly linked and do not recombine at every meiosis, even after several generations. If a new mutation arises next to a marker allele, it will be in complete LD with marker alleles immediately around it. In expanding populations, complete gametic association or complete LD gradually decays after many generations as the population approaches true Hardy-Weinberg equilibrium-a state of equilibrium between alleles and genotypes.
The tests of association performed in case-control studies can be applied to family-based designs, where the observed genotypes are treated as paired observations (case and control alleles or genotypes). The simplest family-based test of association uses the trio of parents and an affected child to compare alleles or genotypes transmitted to the affected child as the "case " and alleles not transmitted as the "control," 13, 14 in an approach called the transmission/disequilibrium test (TDT). 15 Excess transmission of a particular allele "case" is evidence of association. The TDT tests for linkage in the presence of disequilibrium-that is, the composite null hypothesis-is no linkage or no LD between the observed genetic marker and an unobserved causal gene. Rejecting the null hypothesis indicates evidence of both linkage and LD. Genotype data on both parents are needed for test validity, although only heterozygous parents actually contribute to the TDT statistic.
The most common association tests have used the candidate gene approach in which genetic variation in selected genes are tested for association with a disease or outcome. Traditionally, in the candidate gene approach, a set of markers within and around the coding sequence is identified and tested for association by using one of the methods described above. This process may include direct association of known functional variants or indirect association of genetic markers in LD with an unknown functional variant. These candidate gene studies have yielded some success. However, they are limited by our prior knowledge and our ability to suggest a biologically relevant gene.
In 2003, the International HapMap was established to aid in our ability to identify variation within the human genome and to determine patterns of LD. 16, 17 The International HapMap catalogs common variation in multiple geographic and ethnic populations and identifies haplotype blocks (regions in which there is correlation between genetic variants) and variants that "tag" these common haplotypes. The International HapMap was used in the development of high-throughput, genomewide SNP arrays, to offer the ability to assess most common genetic variation throughout the entire genome. These genome-wide association platforms capture much of the common variation in an individual's genome at a reasonable cost per sample. Unlike candidate gene studies, which are limited by a researcher's ability to identify a plausible candidate gene, the genome-wide association study (GWAS) approach provides a comprehensive approach for scanning the entire genome with good power to test common variants. To ensure a high rate of coverage for common variation in the human genome, these platforms include half a million to 5 million SNPs and rely on LD to capture regions of the genome without genotyping every known variant. The original GWAS platforms (Ͻ1 million SNPs) were designed to capture common genetic variation (Ͼ5%), and the newer platforms are more dense and include less common variants (1%-5%). Since these studies interrogate many SNPs, the thresholds for statistical significance are stringent (i.e., 10 Ϫ7 -10 Ϫ8 ), to limit type 1 errors, or the falsepositive rate. 18 In addition, because these studies are designed to identify common variants (variants present in at least 5%-10% of the population) with small to modest effect (relative risk in the range of 1.1-1.5) they require very large sample sizes (Ͼ1000 cases) to achieve good statistical power. Thus, despite the inclusion of less common variants on the newer platforms, GWAS is not powerful for the identification of rare variants unless the causal variants are in strong LD with a common variant.
Association studies of age-related macular degeneration led to the discovery of genetic variants strongly associated with AMD susceptibility. One of the most significant findings was a strong association between AMD and variants in and around complement factor H (CFH) on chromosome 1, region q32. [1] [2] [3] Association studies in this region led to the discovery of additional complement genes showing strong association with AMD, including complement 2 (C2) and/or complement factor B (CFB) 19 complement 3 (C3), 20 and complement factor I (CFI). 21 Additional GWASs have identified several more genes that play a role in AMD susceptibility, including TIMP3, SNY3, and LIPC. 22, 23 The CFH finding was unique for GWASs with a small sample size (n Ͻ 500) and a large effect size (odds ratio range, [2] [3] [4] [5] . This is in contrast to the more typical GWAS of primary open-angle glaucoma requiring more than 3000 cases in the original and replicate studies to identify a modest effect size (odds ratio ϭ 1.29) with CAV1 and CAV2. 24 Similar GWASs have also yielded interesting results for myopia, high myopia, exfoliation glaucoma, and primary open-angle glaucoma (Table 3) . However, identifying the causal variants within these identified genes is not always straightforward.
Replication of initial GWAS findings is a critical step in establishing that a genetic marker is truly associated with disease. As with linkage studies, several factors must be considered when assessing whether replication of a putative association is achieved. Standard criteria for replication of GWAS signals have been established by the NCI-NHGRI working groups. 25 In addition to standard epidemiologic criteria, such as ensuring that replication studies use the same definition for the phenotype, such studies should be well-powered and adhere to strict quality control standards. In addition, the genetic ancestry of each population should be considered, since allele frequencies are known to differ in continental populations and even within countries, and failure to replicate GWAS signals may be due to population differences. 19 Conversely, additional studies in diverse populations can help narrow regions of association, by narrowing LD regions, as well as identifying additional genetic variants associated with disease to help explain differences in disease susceptibility across population groups.
Sequencing
Linkage analysis and GWAS are efficient at identifying genetic regions or loci that may harbor disease alleles for both large and small effect sizes, respectively. However, neither of these methods is designed to identify causal alleles, which is important for translational medicine, pharmacogenetics, and preventive screening. Sequencing provides the mechanism to discover all variants within a region which will include the causal variant(s). Traditional sequencing has used the Sanger method which is still the best for single gene regions. However, the development of next-generation sequencing technologies provides the ability to survey an individual genome at a base-pair resolution and the opportunity to identify many more genetic variants associated with disease on a finer scale for larger regions. Targeted resequencing of megabase regions of DNA, exome, and whole-genome sequencing using next-generation methods are rapidly emerging in genetic epidemiologic studies. These sequencing approaches allow for the rapid largescale follow-up of regions identified in linkage studies or GWAS, as well as a powerful alternative to linkage studies for truly Mendelian diseases.
Exome sequencing focuses on the 1% of the human genome that encode proteins. This allows researchers to focus on genomic regions most likely to harbor deleterious variants. However, whole-genome sequencing has the advantage of complete coverage of the genome, including all regulatory regions that can have an important impact on human disease. This approach can be used in families with a Mendelian disease to identify rare genetic variants likely to be the cause of disease in that family. It is especially useful for highly penetrant diseases in which the novel rare variants can be tracked through the pedigree or in the identification of de novo germline mutations. 26 For example, a recent study suggested that mutations in the ZNF644 gene were involved in high myopia. 27 In addition, sequencing can be used in population-based or family-based studies to identify rare causal variants for complex traits, especially after the gene has been localized through GWAS. The challenge of analyzing sequence data for complex diseases lies in correlating observed genetic variation with disease. Sequencing will identify many novel variants but determining which are associated with disease will require careful comparison to control individuals and development of statistical methods to evaluate multiple low allele frequencies. It is hypothesized that multiple rare variants in the same gene or different genes may act together in a polygenic model, each responsible for a very small risk 28 The 1000 genomes project was established to catalog deep variation in the genome for alleles with frequencies 1% or greater in a large number of individuals. 29 These publicly available sequences will provide allele frequencies in the general population that can be used to compare to sequence in cases or those with an underlying trait. In addition, using linkage data from family-based studies to inform sequencing studies will help to narrow potential disease-associated variants. Furthermore, given the rapid decrease in sequencing costs, using exome sequencing to follow-up potential linkage regions may provide a more cost-efficient strategy than targeted resequencing for the identification of rare variants of large effect. Although genome sequencing will provide many new opportunities for gene discovery, to date, no large-scale genome sequencing studies aimed at disease gene discovery have been completed, largely because of the high-cost of genome sequencing; however, it is anticipated that the cost of sequencing will be ϳ$1000 per individual in the coming year. Therefore, it is anticipated that many novel disease-associated genes will be identified in the coming decade by genome sequencing methods. 
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Additional Factors
All of these approaches hinge on well-characterized phenotypes (trait or disease), and strong measures of quality control. For both linkage and association studies these quality control measures can include determining whether there are Mendelian errors, laboratory or batch effects, genotyping errors, and properly called genotypes. In addition, we often restrict analyses to those with an allele frequency Ͼ1%, to ensure that there is enough power in the sample to detect a true finding. For population-based association studies, it is also important to consider confounding by ethnic ancestry or population stratification. Such confounding can occur if there are differences in allele frequencies between populations or subpopulations or admixtures that are all a part of the same study. In this situation, a spurious or masked association may result, owing to the underlying structure of the population and not the disease itself. Population stratification can be addressed using different methods, including genomic control, principal components and model-based clustering methods. 30 -32 Family-based studies, by design, control for population stratification.
FOLLOW-UP STUDIES
This review focuses on methods of primary gene discovery. After the initial discovery that a gene or variant is associated with a disease, additional studies are needed to understand how both the normal and variant forms of the gene function. Gene expression (level of protein) is also influenced by genetic factors including variation in genetic sequence. Functional studies can be conducted to assess how a particular genetic variant alters gene expression. Conversely, linkage and association methods, including genome sequencing approaches can be used to identify genetic variation responsible for differences in expression levels. In this situation, the gene expression level is the phenotype or outcome of interest. In addition, studies of genes by environmental interaction are needed to determine the impact of environmental factors in conjunction with genetic factors on disease.
SUMMARY
Genetic factors play an important role in a variety of ocular disorders. The spectrum of the genetic contributions to disease range from rare high-penetrance genetic variants to common low-risk polymorphisms. GWAS allows us to identify common variants (frequency, Ͼ5%) that are associated with disease at a modest relative risk (Ͻ1.5). Yet, because these variations are frequent in the population, they may account for a substantive portion of the population risk. Family-based studies are best able to identify less frequent variants (Ͻ1%) that tend to have a stronger effect on disease (relative risk Ͼ3) and thereby can be used for risk assessment in families. Evolutionary history suggests rare mutations, like those found through linkage studies and by sequencing, are more likely to alter protein function and also more likely to have a large effect on disease. Natural selection has kept many of the mutations resulting in negative health effects at a lower frequency with the exception of diseases affecting people well after reproduction. These lower frequency variants are not detectable in most of the current GWASs, as these studies focus on effects of common variation (Ͼ5%) on risk. However, family-based linkage studies, as well as sequencing studies, should help identify rare high-penetrance variants. These primary approaches to gene discovery are complementary, and all approaches will be necessary to unravel the genetic basis of ocular disorders. 
